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Dynamic vapor sorption microbalanceThe rather thin outermost layer of the mammalian skin, stratum corneum (SC), is a complex biomembrane
which separates the water rich inside of the body from the dry outside. The skin surface can be exposed to
rather extreme variations in ambient conditions (e.g. water activity, temperature and pH), with potential
effects on the barrier function. Increased understanding of how the barrier is affected by such changes is
highly relevant for regulation of transdermal uptake of exogenous chemicals. In the present study we inves-
tigate the effect of hydration and the use of a well-known humectant, urea, on skin barrier ultrastructure by
means of confocal Raman microspectroscopy. We also perform dynamic vapor sorption (DVS) microbalance
measurements to examine the water uptake capacity of SC pretreated with urea. Based on novel Raman im-
ages, constructed from 2D spectral maps, we can distinguish large water inclusions within the skin mem-
brane exceeding the size of fully hydrated corneocytes. We show that these inclusions contain water with
spectral properties similar to that of bulk water. The results furthermore show that the ambient water activ-
ity has an important impact on the formation of these water inclusions as well as on the hydration proﬁle
across the membrane. Urea signiﬁcantly increases the water uptake when present in skin, as compared to
skin without urea, and it promotes formation of larger water inclusions in the tissue. The results conﬁrm
that urea can be used as a humectant to increase skin hydration.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
Humectants are hydrophilic substances used in cosmetic products
to overcome symptoms related to dry skin or to protect healthy skin
exposed to low relative humidity [1]. Humectants comprisemolecules
with a wide variety of sizes, ranging from large hygroscopic polymers
(e.g. hyaluronic acid, b1000 kDa) that retain moisture within the for-
mulations after application to skin, to smaller molecules (e.g. glycerol,
urea) capable of penetrating the SC. The latter can prevent skin tissue
from drying, as do the group of molecules known collectively as the
naturalmoisturizing factor (NMF) [2]. Hence, humectants will inevita-
bly affect the degree of skin hydration.
The mammalian skin owes its remarkable barrier function to its rel-
atively thin (about 20 μm) and dead outermost layer, stratum corneum
(SC). This complex colloidal biomembrane consists of anucleated cells
(corneocytes) embedded in a lipid lamellar matrix, which helps to
maintain corporeal homeostasis [3–5]. The corneocytes are ﬂat, about
30 μm in diameter and approximately 0.3 μm thick, and contains kera-
tin ﬁlaments in an amorphous matrix [6]. Under hydrating conditions,l rights reserved.corneocytes can bind substantial amounts of water, but the arrange-
ment of the keratin ﬁbrils prevents larger lateral swelling [7]. Previous
studies with atomic force microscopy have revealed that a single
corneocyte can swell about 50% in the vertical direction, but such exten-
sive swelling has never been observed for the complete SC [8]. The outer
cell wall enveloping each corneocyte consists of cross-linked proteins
covalently bound to long chain ceramides. This ceramide coating acts
as a template that orients lamellar lipid structures in the inter-
corneocyte matrix [9]. This lipid matrix forms an almost continuous
domain in the SC and molecules that penetrate the skin must pass
across this lipid domain [10]. The lipid composition is heterogeneous
yet the hydrocarbon chains are predominantly saturated. Consequently,
themajority of SC intercorneocyte lipids are in the solid state at ambient
conditions [11–13]. There are however several studies showing that
a fraction of the lipid chains are in a ﬂuid state [14–16]. It was recently
proposed that small polar substances with a low vapor pressure can
maintain the liquid properties of the lipid matrix even under dry condi-
tions by replacing the water in an almost ideal way [17,18].
There is a large difference in water activity between the aqueous
rich tissue inside the body and the relatively dry environment outside
the body. This implies the existence of a rather extreme gradient in
water chemical potential across the skin [19]. This gradient drives
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water loss), and results in variations in the degree of hydration
of the skin barrier membrane along the water activity gradient [20].
Skin barrier properties have been investigated mostly in terms
of occlusion versus non-occlusion of the skin. Occlusion refers to
covering the skin with impermeable dressings, tapes, gloves, or
transdermal devices, which decreases the gradient in water activity
across the SC. By directly inhibiting the transport of molecules, occlu-
sive coverings, increase the hydration of the outermost layers of the
skin. A number of studies, performed both in vivo and in vitro have
shown that in most situations, occlusion of the skin leads to an
increase in permeation of the applied chemical [21,22]. Recently we
demonstrated that transport of drugs (of varying lipophilicities)
across the skin increases abruptly at low water gradients, corre-
sponding to high degrees of hydration, and that this effect is revers-
ible [23].
In the present study we aim to investigate how application of
trans-SC water activity gradients and a commonly used humectant,
i.e. urea, affects the ultrastructure of the skin in vitro by means of
confocal Raman microspectroscopy. Prior to Raman analyses we
expose porcine membranes to gradients in water activity by hydrat-
ing them in static Franz diffusion cells with donor and receptor
solutions of known water activities [23,24]. In this way we control
the degree of skin hydration.We also use a complementary technique,
dynamic vapor sorption (DVS), to examine thewater absorbing capac-
ity of SC and how the water uptake is affected by pretreatment of SC
with an aqueous urea solution.
With confocal Raman microspectroscopy we can obtain two-
dimensional spectral maps, perpendicular to the skin surface.
The axial resolution of the present confocal setup (1.5 ± 0.1 μm)
allows for identiﬁcation of local inhomogeneities within the sample,
e.g. hair follicles, that may interfere with data interpretation. In previ-
ous studies with electron microscopy [25–28], local alterations in
the structure of SC due to prolonged hydration at different relative
humidities (RH) have been reported. These studies revealed that
prolonged hydration with solutions comprising high water activity
result in water partitioning into domains within the corneocytes as
well as in the intercellular regions. In the present study, we aim to
extend previous studies by non-invasively exploring and visualizing
the effect of hydration on the SC ultrastructure by using Raman spec-
troscopy coupled with confocal microscopy. In comparison to other
imaging microscopy techniques, e.g. cryo-sectioning, Raman imaging
requires no speciﬁc sample preparation of the tissue or molecular
labeling. In addition, confocal operation permits acquisition of spectra
at incremental depths beneath the skin surface in real time. In this
way, we can obtain depth-resolved information about the chemical
composition of the SC, and through a set of Raman spectra we can
directly visualize the SC ultrastructure in the micrometer scale with
Raman images.
2. Materials and method
2.1. Chemicals
NaCl, Na2HPO4·2H2O, and KH2PO4 (all p.a. reagents) were pur-
chased from Merck (Darmstadt, Germany) and used for preparation
of phosphate buffered saline, PBS (pH 7.4). Urea was obtained from
Sigma Aldrich (Stockholm, Sweden). Polyethylene glycol 1500 Da
(PEG 1500), also obtained from Sigma Aldrich (Stockholm, Sweden),
was used to lower the water activity of the saline solution to a value
below the water activity of neat PBS [29,30].
2.2. Receptor and donor solutions
The water activities of the donor and receptor solutions used in
this study were previously determined with an isothermal sorptioncalorimetric method [24], that allows for high precision measure-
ments in the high range of water activities. A detailed description of
the method can be found elsewhere [31]. The water activity (ranging
from 0 to 1) is deﬁned as the ratio of the vapor pressure of the water
above a solution (p), over the vapor pressure above pure water (p0)
at the same temperature, and related to the relative humidity (RH)
by aw = p / p0 = RH / 100.
PBS (130.9 mM, 5.1 mM Na2HPO4·2H2O, and 1.5 mM KH2PO4,
pH 7.4), with a water activity (aw) of 0.992 was used as receptor
solution in all samples. Donor solutions consisted of either neat
PBS, 65 wt.% PEG in PBS (aw = 0.826) or 20 wt.% urea in PBS (aw =
0.925). The concentration chosen for PEG and urea were based on
previously reported diffusion studies on porcine skin membrane
[23,24].
2.3. Skin membrane preparations
Porcine ears were obtained fresh from a local slaughterhouse and
stored at −80 °C until use. Six ears were thawed and rinsed in cold
water and the hair was removed with a trimmer. Then skin from
the inner ear was dermatomed (TCM 3000BL, Nouvag) to a thickness
of approximately 500 μm. Skin membranes were subjected to a water
gradient by mounting them in Franz cells (ø = 9 mm) between a
receptor chamber with PBS solution of ﬁxed water activity (aw =
0.992) and a donor chamber with either the same water activity as
the receptor solution (i.e. neat PBS) or with a PBS solution of reduced
water activity (65 wt.% PEG, aw = 0.826 or 20 wt.% urea, aw =
0.925). The skin membranes were hydrated with these ﬁxed bound-
ary conditions for 24 h at room temperature. Immediately prior to
Raman analysis, the hydrated skin membrane was transferred with
dermal side down onto a ﬁlter paper soaked in PBS supported on a
glass slide, and a cover glass was placed on top of the skin to enhance
spatial resolution.
2.4. Raman microspectroscopy
Spectra were acquired with a confocal Raman microscope
(alpha300, WITec GmbH, Ulm, Germany) equipped with an oil im-
mersion objective (100×, NA = 1.25) and a high precision piezoelec-
tric scanning stage which allows vertical movements of sub μm steps.
A linear polarized green laser with λ = 532 nm was used as excita-
tion source. Light scattered by the skin was collected through the
same objective and the Raman light was detected with an air cooled
back-illuminated CCD detector. Two-dimensional spectral maps
were obtained from a scan range of 75 μm by 80 μm in xz-direction
with a scanning step size of 0.5 μm in both directions and a collection
time of 0.1 s per spectrum. By integrating the peaks of speciﬁc vibra-
tional modes, a variety of Raman images were constructed from the
same set of data. Hence, data evaluation makes identiﬁcation of
different components in the sample possible. For depth proﬁles, a
set of Raman spectra at ﬁxed horizontal positions was extracted
from the spectra used to create the images. This new set of spectra
was evaluated by integrating a characteristic peak corresponding to
a speciﬁc molecular vibration and the average value of the integrals
was plotted against the vertical position (z-direction). The axial reso-
lution of the present confocal setup was determined to 1.5 μm ± 0.1
(n = 5) by the full width at half maximum signal (FWHM) obtained
from scanning vertically through a layer of rapeseed oil on a glass
slide (data not shown). The data was evaluated using the software
programs WITec project 2.06 (Ulm, Germany) and OriginPro 8.5
(Northampton, US). Background correction was performed by base-
line subtraction of an automatically generated polynomial function
individually ﬁtted to each spectrum within the data set. For compar-
ing spectra, normalization was made with respect to the highest sig-
nal intensity or to a speciﬁc Raman band in an individual spectrum.
Raman analyses were conducted at room temperature and it was
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focused laser spot did not show a considerable effect on spectral
response, see Fig. S1 in Supplementary data.
2.5. Raman frequency assignments
Raman analysis of skin generates complex spectra with several
overlapping vibrational modes characteristic for both proteins and
lipids in the skin. Raman frequency assignments characteristic
for mammalian skin examined in the present study are listed in
Table 1. Here, we focus primarily on the asymmetric and symmetric
vibrations of OH bonds (with major contribution originating from
water) as well as the asymmetric and symmetric vibrations of CH,
CH2 and CH3 in lipids and proteins in the high and low wavenumber
regions. The constituents of the skin lipid matrix; cholesterol, fatty
acids and ceramides are all present but are not treated separately in
this study. The vibrational modes assigned to amide bonds obtained
from Raman spectra of skin are often assigned to keratin, the major
protein in SC which indeed constitute the main fraction of the total
SC material. However, ceramides and some NMF's [32] also have
amide bonds which are likely contributors to this Raman signal.
2.6. Dynamic vapor sorption (DVS) microbalance measurements
Dry SC sheets were weighed (approx. 5 mg) and placed in 2 ml
PBS solution or 20 wt.% urea in PBS, respectively, for 24 h at 32 °C.
Next, the SC sheets were removed from the solution, gently washed
in pure PBS and then shaken in air by holding them with forceps, be-
fore placing them in the DVS (Surface Measurements Systems Ltd.,
London, U.K.) sample holder. All measurements were performed at
32 °C. The DVS humidity ramp was programmed so that the wet SC
sheets were equilibrated at 80% RH and then at 98% RH and ﬁnally
dried at 0% RH. The humidity was controlled by a stream of nitrogen
gas with programmed RH. The results are presented both as the
water content (wt%) and as the amount of polar molecules (wt%).
The water content is deﬁned as (msc − msc,dry) / msc, where msc is
the total mass of the sample at a certain time point and msc,dry is
the dry weight of the total sample (measured at 240 h). The amount
of polar molecules is deﬁned as (msc − msc,dry,i) / msc, where msc,dry,i
is the initial dry weight of the pure SC sheet before being treated
in urea solution.
3. Results
3.1. Raman images of hydrated stratum corneum
Raman cross section images in the xz-directions of hydrated skin
membranes were constructed from the integrated intensity of the CH
stretching vibrations in proteins and lipids in the 2850–2980 cm−1
region. Fig. 1 shows cross section images of skin membranes exposed
to different water activities (aw) prior to analysis. The lower dermal
side of all the skin membranes were exposed to PBS (aw = 0.992),
while the upper side was exposed to either the same PBS solution
(Fig. 1A) or to a PBS solutionwith reducedwater activity due to additionTable 1
Raman assignments.
Raman shift/cm−1 Assignment Ref.
3400–3450 νasym (OH) [33,34]
3250–3280 νsym (OH) [33,35]
3330 v (NH) of Amide A [19,34]
2930–2940 νasym (CH3) [19,36]
2847–2855 νsym (CH2) [36]
2880–2890 νasym (CH2) [35,36]
1647–1650 ν (C_O) Amide I [35,36]
1645 δ (OH) [33]of either 65 wt.% PEG (aw = 0.826) or 20 wt.% urea (aw = 0.925)
(Fig. 1B and C, respectively). The bright features in the ﬁgure corre-
spond to high intensity signals of the CH stretching vibrations while
the darker features correspond to low intensity signals. By navigating
in the Raman image and extracting spectra from speciﬁc regions, local
molecular compositions within the sample could be determined. Large
darker areas, comprising water rich domains, were observed in the
upper part of the skin membranes hydrated with a donor solution
of high water activity (PBS, aw = 0.992 or 20 wt.% urea, aw = 0.925).
The observed size of the lens-shaped water inclusions varied between
10 and 25 μm in length and 1–15 μm in thickness. Skin membranes hy-
drated with donor solutions comprising 20 wt.% urea (Fig. 1C) revealed
larger and more frequent water inclusions in comparison to skin mem-
branes hydrated with neat PBS solution (Fig. 1A). Typically, these water
inclusions were thinner closest to the skin surface and increased in
thickness with further skin depth.
The spectra in Fig. 2, extracted from different regions in the corre-
sponding Raman image, conﬁrm the high water content of the lens-
shaped water inclusions. Evidence for this is seen in the signiﬁcantly
increased Raman signal of the OH vibration of water and reduced
signal of the CH vibrations of proteins and lipids in comparison
to the spectrum corresponding to surrounding brighter areas. These
water inclusions were absent in skin membranes hydrated with a
donor solution of signiﬁcant lower water activity (65% PEG, aw =
0.826), i.e. a less hydrated skin sample (Fig. 1B).
3.2. Tracking of applied compounds
Confocal Raman microspectroscopy is a nondestructive and rapid
technique that enables tracking of topically applied compounds in
deeper layers under the skin surface. In the present study we follow
the distribution of urea 24 h after application. The sharp Raman
band at 1003 cm−1, assigned to the CN stretching in urea, was used
to detect its diffusion through the skin membrane [37]. Raman spec-
tra obtained from skin not treated with urea displayed a minor signal
of the 1003 cm−1 peak which probably originates from the phenylal-
anine band [38,39] or the naturally occurring urea in the skin. As
clearly shown in Fig. 3A, urea is partitioning into the water inclusions
(dashed spectra) as well as in the lipid and protein rich areas (solid
spectra). Fig. 3B shows a confocal line scan illustrating the penetra-
tion of urea (dashed curve) through the skin barrier (solid curve).
These curves are based on a set of spectra which excludes the water
rich inclusions.
In order to substantially reduce the water activity of the donor
solution, we dissolve 65 wt.% PEG into the PBS solution. This nonionic
polymer was chosen for its adequacy in reducing water activity with-
out facing the risk of penetrating into the skin and thus interacting
with skin components. Both Fig. 3C and D conﬁrm that a relatively
large polymer like PEG (1500 Da) does not penetrate the intact skin
barrier due to size exclusion. Fig. 3C shows a set of spectra extracted
from the applied PEG solution (gray spectra), which includes Raman
features (marked with asterisk) that are not observed in spectra
extracted from the underlying skin membrane (black spectra).
Fig. 3D shows a confocal line scan following the signal intensity of
characteristic bands of PEG in relation to the speciﬁc Raman signal
of skin (excluding the water inclusions).
3.3. Hydration depth proﬁles
A common approach to determine water gradients in skin, origi-
nally adopted from Raman assays of eye lenses, is to use the ratio of
Raman intensities of the OH stretch of water (3350–3550 cm−1)
and the CH3 stretch of proteins at 2910–2965 cm−1 [32,40]. Typically,
the integration over the OH band is chosen to not overlap with the
NH vibration of protein at about 3330 cm−1 [19,41]. In the present
study, hydration depth proﬁles were performed on skin membranes
Fig. 2. Spectra extracted from the water inclusions (trace a) and the surrounding lipid
and protein rich regions (trace b) in a skin sample hydrated with neat PBS for 24 h.
Spectra were normalized with respect to the maximum intensity for clariﬁcation.
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presented in Fig. 4. The data points are based on 10 average spectra
extracted from each skin depth excluding the water inclusions
displayed in the Raman images (Fig. 1). The corresponding water con-
tent along the hydration gradient was determined by the intensity
ratio Iwater/Iprotein of solutions of known concentrations of bovine
serum albumin (BSA) in water (15–40 wt.% dry BSA). As previously
demonstrated [19], there is a non-linear relationship between intensi-
ty ratios Iwater/Iprotein and water content. A second-order polynomial
was therefore ﬁtted to the data points and used to transform intensity
ratios Iwater/Iprotein into water content in the skin. Skin membrane ex-
posed to a saline solution of lower water activity (PEG, aw = 0.826)
compared to neat PBS (aw = 0.992) displays a signiﬁcant lower
water content close to the skin surface and a steeper water gradient
across the membrane (Fig. 4). At deeper skin layers the water content
reaches a constant value with a somewhat higher value for the
skin hydrated with neat PBS. Interestingly, despite the reduced
water activity of the urea solution (aw = 0.925) the skin membrane
hydrated with this solution displays similar water content proﬁle as
the membrane hydrated with PBS. With increasing skin depth the
water content becomes even higher compared to what is observed
for the skin membrane hydrated with neat PBS.
3.4. Dynamic vapor sorption (DVS) microbalance measurements
To investigate the inﬂuence of urea on the capacity of SC to take up
water we performed DVS measurements. In these experiments, the
SC sample was pretreated in either a formulation with 20 wt.% urea
in PBS or in neat PBS for 24 h and then placed on the microbalance
at a controlled RH (T = 32 °C). The DVS data are shown in Fig. 5. It
is clear that the water sorption of SC is affected by the presence of
urea, both at 80% and 98% RH (Fig. 5A). The water uptake is higher
in the SC samples that have been pretreated in urea solution com-
pared to the SC sample pretreated in neat PBS solution. In the evalu-
ation of the DVS data, one should also consider the total amount
of polar molecules in the SC sheets, comprising urea in addition to
water. As the dry weight of the SC samples before and after pretreat-
ment in the urea solution is known, we can estimate the amount
of urea present in the SC samples to be approximately 28 wt.%. WeFig. 1. Raman cross section images (xz-direction) of skin hydrated with donor solution
of neat PBS (A), 65 wt.% PEG in PBS (B) and 20 wt.% urea in PBS (C). Raman images are
constructed from the integrated intensity of the CH stretch in lipids and proteins in the
2850–2980 cm−1 region, corresponding to the bright areas. Darker areas correspond to
water rich regions.
Fig. 3. (A) Shows the penetration of urea, with the characteristic peak at 1003 cm−1 marked with (*), through the lipid and protein domains (solid spectra) and through the water
inclusions (dashed spectra). (B) Illustrates the penetration of urea (dashed curve) through the skin barrier (solid curve). These curves are based on a set of Raman spectra excluding
the water inclusions in the skin membrane. (C) Shows spectra of an applied PEG solution (gray spectra) with characteristic peaks marked with (*) which are not detected within the
skin membrane (black spectra). (D) Illustrates that PEG 1500 (dashed curve) does not penetrate the skin barrier (solid curve).
Fig. 4.Water gradient across skin membranes hydrated with donor solutions of either
65 wt.% PEG, (gray circles), neat PBS and (solid squares) or 20 wt.% urea (open squares).
The right-hand axis shows the intensity ratio of the OH stretch (3350–3550 cm−1) and
the CH stretch in proteins (2910–2965 cm−1) and the left-hand axis shows the corre-
sponding water content. Each data point is based on an average of 10 spectra extracted
from a certain skin depth.
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as the sheets were rinsed in neat PBS solution before the DVS mea-
surements. From this estimate, it is possible to recalculate the data
in Fig. 5A to include the combined amount of polar molecules as
shown in Fig. 5B. It is noted here that the amount of polar molecules
at 80% RH in the SC samples pretreated in urea solution is similar to
the amount of water in the pure SC sample at 98% RH (~50 wt.%).
Another point to be made from the results in Fig. 5 B is that the SC
samples pretreated in urea formulation still contain these molecules
at completely dry conditions (i.e., 0% RH).
3.5. Spectral evaluation
In Fig. 6A, spectra were extracted from local water inclusions
or from the surrounding lipid and protein rich regions in skin
membranes that have been exposed to donor solutions with either a
high water activity (PBS, aw = 0.992) or a reduced water activity
(65 wt.% PEG, aw = 0.826). This ﬁgure features the 3100–3700 cm−1
spectral region, which includes the OH stretching modes of water.
After subtraction of the amide contribution, each spectrumwas normal-
ized with respect to its maximum intensity. The spectrum for liquid
bulk water displays two characteristic bands at ≈3250 cm−1 and
≈3450 cm−1, and a weak shoulder at 3600 cm−1. The 3250 cm−1
and 3450 cm−1 bands were assigned to different modes of OH vibra-
tions in the hydrogen-bonded network of water molecules while the
Fig. 5. Dynamic vapor sorption curves for water in SC sheets pretreated in neat PBS solution or in PBS solutions with 20 wt.% urea for 24 h. These measurements were performed at
32 °C. The SC sheets are ﬁrst equilibrated at 80% RH (0–72 h), then at 98% RH (72–168 h), and ﬁnally dried at 0% RH (168–240 h). (A) Water content as a function of RH.
(B) Reevaluated data showing the combined amount of water plus urea as a function of RH, i.e. amount polar molecules.
Fig. 6. (A) Spectra showing the OH band obtained from water inclusions (gray line)
and surrounding lipid and protein rich areas (black line) in skin membranes hydrated
with neat PBS and from skin membranes hydrated with 65 wt.% PEG (dashed line).
Spectrum was normalized with respect to its maximum intensity in this spectral region,
3100–3700 cm−1. Dotted spectrum represents OH stretch of pure bulk liquid water.
The inset shows the spectra normalized with respect to the maximum CH intensity at
2940 cm−1. (B) Shows average spectrum (n = 5) extracted from skin (excluding water
inclusions) hydrated with neat PBS (trace a), 65 wt.% PEG (trace b) and 20 wt.% urea
(trace c). Spectra were shifted and normalized towards the signal intensity at 2940 cm−1
for clarity.
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groups [34]. Both the spectra obtained from the interior of the
water inclusions and from the areas surrounding the inclusion in
skin hydrated with neat PBS display similar shapes to the one ob-
served for bulk water. A similar spectral proﬁle in this frequency
region was also observed for skin hydrated with the urea solution
(this spectrum is given in Fig. S2 in Supplementary data). However,
the low frequency side of the OH stretching band (3250 cm−1) is
less intense in skin membrane hydrated at a lower water activity
(PEG, aw = 0,826). The spectra in the inset in Fig. 6A are normal-
ized to the maximum CH intensity to display the increased intensity
of the OH bands with increased water content.
Fig. 6B displays traces corresponding to the average of n = 5 ran-
domly extracted spectra within 5 μm from the skin surface of mem-
branes hydrated with donor solutions of either neat PBS (trace a),
65 wt.% PEG in PBS (trace b) or with 20 wt.% urea in PBS (trace c).
Spectral responses in the frequency range of 2800–3000 cm−1 repre-
sent the sum of all CH stretching modes of several components within
the upper layer of the skin. As a result, deconvoluting the respective
responses from protein or lipid vibrational modes is complicated.
The strong overlapping peaks in the CH region have previously
been assigned to CH2 symmetric stretching (~2850 cm−1), CH2
asymmetric stretching (~2885 cm−1) and CH3 symmetric stretching
(~2935 cm−1) [38,42,43]. In Raman spectroscopy studies on pure
lipid systems, the I2850/I2885 and I2935/I2885 ratios have been used to
examine the thermal dependence of lipid chain conformational order
of ceramides [42,43] and phase transitions of phospholipid bilayers
[44,45]. These previous studies revealed that a higher I2850/I2885 ratio
correlateswith a less organized conformational order of the lipid chains
and the I2935/I2885 ratio abruptly increases at the gel to liquid-crystalline
phase transitions of phospholipid bilayer systems. In the present study
we focus on the effect of hydration and the presence of urea on the CH
stretching modes of alkyl chains. A comparison of the I2850/I2885 ratio
between skin hydrated with neat PBS, 65 wt.% PEG in PBS or with
20 wt.% urea in PBS did not display any signiﬁcant difference. A sig-
niﬁcant difference was however seen by comparing the intensity
at 2885 cm−1 and 2935 cm−1. In the less hydrated skin membrane
(65 wt.% PEG) these intensities are approximately equal, while the
intensity at 2935 cm−1 is more pronounced in the case of high hydra-
tion (PBS) as well as when urea is present in the skin membrane
(Fig. 6B). It was also observed that the peak at around 2935 cm−1 was
slightly shifted towards a higher frequency in the skin membrane
hydratedwith aqueous urea solution (Fig. 6B, trace c). Raman vibrations
sensitive for protein conformation are those of the peptide bonds. The
amide I band at about 1655 cm−1, which is assumed to mainly reﬂect
the helical secondary structure found in epidermal keratin [36], is
clearly observed in the average spectrum for skin membranes hydrated
with all three donor solutions. From Fig. 6B it is shown that urea treated
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cies from 1655 to 1677 cm−1 (trace c) in comparison to skin hydrated
with pure PBS. These ﬁndings can be related to the results reported
for isolated corneocytes pretreated with DMSO, where the appearance
of a high frequency Amide I band was interpreted as a α-helix to
β-sheet transition in keratin [46]. Moreover, the shifts of the protein
bands observed when skin is exposed to urea may correspond to in-
creased mobility of the keratin ﬁlaments in urea treated SC as revealed
by 13C PT ssNMR [47].
4. Discussion
4.1. SC water inclusions induced by high hydration levels can be
visualized with Raman images
Previous studies using electron microscopy have showed that
both inter- and intracellular aqueous inclusions can be formed upon
prolonged exposure to pure water, aqueous salt solutions or high
humidity [25–28]. In the present study we use confocal Raman
microspectroscopy to non-invasively examine the ultrastructure
of SC in real time. From our Raman images based on the two-
dimensional spectral maps, large water rich inclusions of sizes
exceeding fully hydrated corneocytes could be observed in the skin
samples exposed to a donor solution of high water activity (PBS,
aw = 0.996), i.e. high hydration level. Interestingly, even larger
water inclusions were observed in the skin treated with 20 wt.%
urea in PBS (aw = 0.925). However, these lens-shaped water inclu-
sions were not observed in the skin membranes hydrated with a
donor solution of signiﬁcant lower water activity, regulated with
65 wt.% PEG in PBS (aw = 0.826). The dimensions of the detected
water inclusions are in agreement with the size of water domains
previously reported using electron microscopy [25–28]. In addition
it is interesting to note that CH2 and CH3 stretches and amide bonds
are detected in these water inclusions, which is not inconsistent
with the presence of polar compounds like NMF's (and/or penetrated
urea, for example) and/or proteins dispersed in the water. However,
we do not exclude the possibility that these signals might originate
from adjacent out-of-focus lipid/protein rich regions.
4.2. Tracking of urea through the skin membrane
Urea is a common humectant in skin care products with the beneﬁt
of being hygroscopic, a property also attributed to theNMF's. In order to
exert the desired effect within the skin a humectant has to penetrate
the barrier. It was clearly shown here that urea diffuses through the
water inclusions as well through the lipid and protein rich regions
(Fig. 3A and B), as compared to a larger polymer like PEG (1500 Da)
which does not penetrate intact skin due to size exclusion (Fig. 3C and
D) [48,49]. PEG 1500 can thus successfully be used to lower the water
activity in the donor solution without partitioning in the skin.
4.3. Urea increases SC hydration even at boundary conditions of lower
water activity
The hydration proﬁle over the skin membrane is determined by
water activity of adjacent solutions. When the skin surface was
exposed to a donor solution of reduced water activity (aw = 0.826,
65 wt.% PEG) prior to analysis, the water content increased in a sig-
moidal manner with skin depth. This was in contrast to the higher
and rather constant hydration level observed for skin membrane
hydrated with a donor solution of higher water activity (aw = 0.992,
PBS) prior to analysis. These results are in good agreement with the
DVS data shown in Fig. 5 as well as previous water sorption data for
porcine skin as a function of water activity [16]. Together these results
show that at high hydration levels (>80% RH) a small deviation in
relative humidity has a large impact on the water uptake capacity inSC. Interestingly, the skin membrane hydrated with 20 wt.% urea
comprised more water as compared to that hydrated with neat PBS,
despite the lower water activity of the urea solution. Similarly, the
DVS measurements resulted in higher water uptake in SC samples
pretreated with 20 wt.% urea in comparison to non-treated SC samples
(Fig. 5A). The most intuitive explanation of this effect is that urea parti-
tions into the SC membrane and attracts water due to its hygroscopic
properties. In addition, Fig. 5B shows a similar amount of total polar
molecules present in the SC sample pretreated with urea at 80% RH as
present in a pure SC sample at 98% RH. Moreover, the same effect can
also be related to structural changes within the SC membrane, caused
by interactionwith urea. From studieswith SCmodel lipids and synthetic
lipid systems it is known that addition of humectantsmay lead to forma-
tion of more ﬂuid SC structures [17,18,50], and ﬂuid phases generally
have higher ability to swell in water compared to solid phases. These
ﬁndings are in line with the signiﬁcant larger water inclusions observed
in Raman images obtained from skin pretreated with a urea solution
(Fig. 1C) compared to skin treated with neat PBS or with PBS solution
of lower water activity (65 wt.% PEG) (Fig. 1A and B, respectively).
4.4. Spectral evaluation
By navigating in the Raman image and extracting the corre-
sponding spectra it is possible to evaluate spectral changes on a
highly localized level within the skin sample. In the present study
we show that the water in skin membranes exposed to neat PBS, in-
cluding the water-rich inclusions, has spectroscopic properties close
to that of bulk liquid water (Fig. 6A). This implies that SC can absorb
substantial amounts of water upon prolonged hydration and this
addition of free water can lead to phase separation between water
and SC components, as previously suggested [25]. On the other
hand, the OH spectra extracted from skin exposed to a reduced
water activity (PEG, aw = 0.826) display a changed spectral proﬁle
with a decrease in the low frequency component. The decrease of
the intensity of the 3240 cm−1 component relative to the 3450 cm−1
feature could be associated to a less organized water structure with
weaker hydrogen bonds due to restricted spaces [51–53], in e.g. the
keratin-ﬁlled corneocytes. Previous water sorption data of isolated
corneocytes report a substantial increase in water content between a
water activity of 0.826 and 0.992 [16]. This would ultimately imply a
higher degree of swelling of the corneocytes in skin hydrated with
neat PBS and thus increased space in between keratin ﬁlaments
for water molecules to form organized hydrogen bounded networks
compared to skin exposed to the PEG solution of lower water activity.
Further, from Fig. 6B it is clearly shown that the hydration level as
well as the presence of topically applied urea has an effect on the spec-
tral properties of skin membrane components.
5. Conclusion
In this work we have investigated the effect of hydration and use
of a well-known humectant, urea, on skin barrier ultrastructure by
means of non-invasive confocal Raman microspectroscopy. We have
also performed dynamic vapor sorption (DVS) measurements to
examine the water uptake capacity of SC pretreated with urea. The
major ﬁndings are:
i. We distinguish large water inclusions in excised hydrated SC
with sizes exceeding fully hydrated corneocytes. These inclu-
sions contain water with spectral properties similar to that of
bulk water.
ii. The ambient water activity has a large impact on formation of
water inclusions. Upon hydration with buffered saline (PBS,
aw = 0.992) we observe frequent water domains, while at
lower ambient water activity (aw = 0.826) no inclusions
could be seen.
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larger water inclusions are observed in SC compared to skin
exposed to neat PBS solution. We also observe that the pres-
ence of urea in skin causes a marked increase in water uptake.
This effect is even seen at lower ambient humidity where de-
hydration of the skin membrane would otherwise be normal.
iv. It is clearly shown that the ambient water activity, as well as
the presence of urea, affects the structure of molecular compo-
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